Modifications in morphological and plasmonic properties of heavily doped Ag-TiO 2 nanocomposite thin films by ion irradiation have been observed. The Ag-TiO 2 nanocomposite thin films were synthesized by RF co-sputtering and irradiated by 90 MeV Ni ions with different fluences. The modifications in morphological, structural and plasmonic properties of the nanocomposite thin films caused by ion irradiation were studied by transmission electron microscopy (TEM), X-ray diffraction (XRD), and UV-Vis absorption spectroscopy. The thickness of the film and concentration of Ag were assessed by Rutheford backscattering (RBS) as ∼50 nm and 56 at.%, respectively. Interestingly, localized surface plasmon resonance (LSPR) appeared at 566 nm in the thin film irradiated at the fluence of 1 × 10 13 ions/cm 2 . This plasmonic behavior can be attributed to the increment in interparticle separation. Increased interparticle separation diminishes the plasmonic coupling between the nanoparticles and the LSPR appears in the visible region. The distribution of Ag nanoparticles obtained from HR-TEM images has been used to simulate absorption spectra and electric field distribution along Ag nanoparticles with the help of FDTD (Finite Difference Time Domain). Further, the ion irradiation results (experimental as well simulated) were compared with the annealed nanocomposite thin film and it was found that optical properties of heavily doped metal in the metal oxide matrix can be more improved by ion irradiation in comparison with thermal annealing.
Introduction
Nanocomposite materials of metal nanoparticles in dielectric matrix are an important subject of research due to their multifunctional properties in various fields such as solar cells [1, 2] , photocatalysis [3] [4] [5] , antibacterial activity [6, 7] , and plasmonics [8] [9] [10] [11] [12] . The material of nanoparticles and the matrix in which nanoparticles are embedded directly plays a major role in localized surface plasmon resonance (LSPR). Besides, LSPR strongly depends on the shape and size of nanoparticles and interparticle separation [13] [14] [15] . Various dielectric materials have been used as a matrix for tuning LSPR position and also to maintain the separation between the nanoparticles.
Among metal oxides, titanium dioxide (TiO 2 ) has received great attention owing to its wide applications in solar cells [16, 17] , antibacterial [18] , * E-mail: himanshumnit86@gmail.com photocatalytic [19, 20] and memristors [21, 22] . The inclusion of metal nanoparticles into TiO 2 matrix improves its properties which mainly depend on the crystallinity, stoichiometry of matrix, shape, size and filling fraction of nanoparticles. Swift Heavy Ion (SHI) irradiation helps to modify the properties of nanocomposites in a controlled way by selecting appropriate ion fluences and energies [23] [24] [25] [26] .
The aim of this paper is to study the effect of SHI irradiation on the plasmonic properties of Ag-TiO 2 nanocomposite thin films with a high concentration of Ag. The high filling fraction of metal nanoparticles in TiO 2 matrix is interesting because, at higher concentration, structural properties of the matrix remain unaffected by ion-irradiation. Due to SHI irradiation, the temperature of nanocomposite thin film does not increase up to the value which could modify the matrix properties. However, it is sufficient to induce modification in the properties of the metal nanoparticles. This may result in the lower thermal conductivity of metal nanoparticles than that of matrix [27, 28] . Further, a comparative study of the properties of Ag-TiO 2 nanocomposite thin films modified by thermal annealing and SHI irradiation has been carried out. In addition to above, the experimental results were compared with simulated results and explained the position and existence of LSPR.
Experimental
Ag-TiO 2 nanocomposite thin films have been deposited on quartz, silicon and glass substrates by RF co-sputtering. Before deposition, the substrates were sequentially cleaned with acetone, methanol and trichloroethylene (TCE). TiO 2 powder (Alfa Aesar, ∼99.9 %) was used to prepare the target. The size of the target holder and substrate holder was 5.08 and 12.7 cm, respectively. The substrate holder rotated to get uniform composition and thickness all over the substrates. Before the deposition, the vacuum was 1.6 × 10 −4 Pa. For sputtering, argon gas medium was used at a pressure of 1 Pa and flow rate of 11 sccm. The thin films were deposited at a power of 75 W and room temperature. Ag-TiO 2 thin films were irradiated with 90 MeV Ni ion with fluences of 1 × 10 12 ions/cm 2 , 3 × 10 12 ions/cm 2 , 6 × 10 12 ions/cm 2 , 1 × 10 13 ions/cm 2 in IUAC New Delhi. In case of 90 MeV Ni ions, the electronic (S e ) and nuclear (S n ) energy losses in the Ag-TiO 2 thin film were ∼15.9 keV/nm and ∼0.104 keV/nm, respectively, and the range of Ni ion was 10.3 µm which had been calculated from SRIM 2008 program. The energy loss curve of 90 MeV Ni in Ag (56 %)-TiO 2 is shown in Fig. 1 .
As-deposited samples were sequentially annealed at 200°C, 400°C and 600°C for 1 hour. The thickness of thin film and concentration of Ag were calculated by Rutherford backscattering (RBS) spectrometry (IUAC New Delhi). The angle between the detector and 2 MeV He + incident beam was 165°. X-ray diffraction (XRD) measurements were carried out using Panalytical X'Pert Pro X-ray diffractometer to determine the crystallinity of thin films. For optical properties measurement, irradiated and annealed nanocomposite For RBS analysis, Ag-TiO 2 thin films deposited on silicon have been used. The thickness of the nanocomposite thin film and concentration of Ag metal were determined by RUMP program and found to be ∼50 nm and 56 at.%, respectively. A simulation obtained using RUMP program with depth profile, which confirmed the presence of Ti, Ag and O in nanocomposite thin film, is shown in Fig. 2 . From the fitting view and depth profile, it is clear that Ag nanoparticles are distributed evenly along the depth of the thin film.
The XRD pattern of pristine and SHI irradiated Ag-TiO 2 nanocomposite thin films is presented in Fig. 3a . The peak position of Ag is observed at 38.1°and 44.3°which is in agreement with JCPDS Card No. 87-0720. For the fluence of 1 × 10 12 ions/cm 2 , Ag got amorphized and with increasing the fluence from 3 × 10 12 ions/cm 2 to 1 × 10 13 ions/cm 2 , crystallinity of Ag increased. On ion irradiation at low fluences, the Ag metal relaxed to the unstrained state and amorphous phase.
With increasing the fluence of ion irradiation, the heat exchange between the ion and target material increases in the nanocomposite thin film. This heat exchange further promotes the recrystallization of Ag. TEM images of pristine and SHI Ag-TiO 2 nanocomposite thin films irradiated with the fluence of 1 × 10 13 ions/cm 2 are shown in Fig. 4 . No diffraction peak corresponding to TiO 2 is observed in the as-deposited thin film which indicates amorphous nature of TiO 2 . This is also evident from SAED pattern in Fig. 4e . When these thin films were irradiated by 90 MeV Ni ion with fluences of 1 × 10 12 ions/cm 2 , 3 × 10 12 ions/cm 2 , 6 × 10 12 ions/cm 2 , 1 × 10 13 ions/cm 2 , no change was observed in the phase of TiO 2 ; it remained in amorphous form. However, the crystallinity of Ag was affected by ion irradiation. After ion irradiation, the crystallinity of Ag was increased which is clearly seen in the SAED pattern ( Fig. 4f ). The topographical view of both as-deposited and ion irradiated at fluence 1 × 10 16 ions/cm 2 samples is shown in Fig. 5a and Fig. 5b . Fig. 5c and Fig. 5d show the particle size distribution of pristine and ion irradiated thin films respectively. The average size of Ag nanoparticles for as-deposited and ion irradiated was calculated as ∼26 nm and ∼32 nm, respectively. To plot a histogram of particle size, ∼200 nanoparticles were considered. It is evident from the particle size distribution that after ion irradiation, the average particle size was increased by ∼6 nm. From Fig. 5 it has also been concluded that the interparticle separation between nanoparticles for the as-deposited sample is much lesser than their average particle size.
Absorption spectroscopy and FDTD simulation
Nanocomposite thin films deposited on glass were used to observe the effect SHI irradiation on optical properties and their UV-Vis absorption spectra are given in Fig. 6a. From Fig. 6a , it is clear that no LSPR has been observed in the visible range for the as-deposited thin film. The optical plasmonic behavior of metal nanoparticles embedded in a matrix depends on the morphology, interparticle separation, nanoparticles size distribution and dielectric constant of the matrix.
Here, for Ag-TiO 2 (Ag 56 at.%) pristine thin film, the interparticle separation is minuscule compared to the nanoparticle size, which is clearly seen in Fig. 5a . The average nanoparticle size was calculated to be ∼26 nm. This minuscule interparticle separation results in LSPR lying in the infrared region and broadening of LSPR. When these thin films were irradiated by 90 MeV Ni ion, the absorption increased in the visible region. For the fluences of 1 × 10 12 ions/cm 2 and 3 × 10 12 ions/cm 2 , there is an increment in absorbance in the region of 400 nm to 600 nm. At the fluence of 6 × 10 12 ions/cm 2 , the absorbance shifted towards the higher wavelength. However, at the fluence of 1 × 10 13 ions/cm 2 , broad LSPR is observed at the position of 566 nm. To study the plasmonic modification in Ag-TiO 2 nanocomposite thin films (pristine and 1 × 10 13 ions /cm 2 irradiated) HR-TEM images (Fig. 5) were used for the simulation of absorption and electric field intensity distribution by FDTD method. Fig. 7a and Fig. 7b reveal the electric field distribution at the wavelength of 550 nm and Fig. 7c shows absorption obtained by FDTD simulation. In the simulation, we have used refractive index and extinction coefficient for TiO 2 from reference [29] and Ag (CRC) from FDTD software [30]. The monitor was placed at a distance of 10 nm from the top surface of the thin film. The vertical color bar represents the electric field intensity recorded on the monitor. The discrepancy from the experimental results from the fact that only a small part of the film was used for simulation. Before irradiation, the interparticle separation is very low, so the plasmonic coupling becomes more effective and it affects the LSPR of nearby nanoparticles, which results in increased absorption at a higher wavelength. This can be elucidated by using MAG (Maxwell-Garnet Theory) and Mie theory [31] .
According to these theories, when nanoparticle size is increased, the higher order modes become more important and the nanoparticle polarizes non-homogenously. Therefore, due to these higher modes there is a shift in the plasmon position with increment in particle size and the plasmon bandwidth [32] . However, Mie theory is valid only for low concentration of nanoparticles in a solid matrix. In Mie theory, each nanoparticle is assumed to be separated by enough distance, and no LSPR effect on other nanoparticles is considered. In case of pristine thin film, Mie theory cannot be applied, as only a minuscule separation exists between the nanoparticles. This problem can be solved by MAG theory. This theory explains the plasmon resonance in nanoparticles having less interparticle separation. It considers the interparticle plasmonic effect on other nanoparticles and explains surface plasmon for densely packed nanoparticles in a host matrix. A combined model of these theories is given graphically in the Fig. 8 . According to these theories, when the nanoparticle size is increased, its LSPR wavelength increases. If we consider two nanoparticles at low separation as given in Fig. 8 , then, as the separation decreases, the interparticle plasmonic coupling becomes more effective and its LSPR wavelength increases. Those two particles play a role in LSPR and show complex absorption. These effects are observed in the FDTD simulation also. In Fig. 9a , the absorbed power is low at 350 nm and 750 nm compared to power absorbed at 550 nm. Absorption at 350 nm includes the LSPR due to small nanoparticles, which are seen in Fig. 9 . When the wavelength is increased, the large nanoparticles effectively show absorption by LSPR. It can be seen in Fig. 7a, and Fig. 7b that the electric field intensity increases after irradiation and shows less interparticle plasmonic coupling effect compared to pristine thin film. The black circles (shown in Fig. 7b ) are of the size of (a) 35 nm (b) 26 nm and (c) 50 nm. One can see that the particles (a) and (b) show good absorption at 550 nm, whereas the particle (c) which is larger than (a) and (b), partially absorbs power at 550 nm. Fig. 8 . Schematic diagram for the dependence of color/absorption on nanoparticle size and interparticle separation.
After SHI irradiation, the distribution of nanoparticles in the matrix and the optical properties of nanocomposite thin films have been modified. Earlier studies revealed the growth of metal nanoparticles in nanocomposite thin film under SHI irradiation [8] . After ion irradiation, growth in nanoparticles has been observed which is also confirmed by TEM and UV-Vis absorption results. The average particle size of the thin film irradiated with the highest fluence was calculated to be ∼32 nm and shown in Fig. 4d . UV-Vis absorption graph (Fig. 6a) suggests that absorption increases for higher wavelength for pristine thin film. At low fluences 1 × 10 12 ions/cm 2 and 3 × 10 12 ions/cm 2 , there is an increment in the LSPR intensity in the region of 400 nm to 500 nm. At the fluence 6 × 10 12 ions/cm 2 the absorption in region of 400 nm to 500 nm shifted towards higher wavelength (500 nm to 600 nm) region. The most intense peak of LSPR has been observed after irradiation at the fluence 1 × 10 13 ions/cm 2 at 566 nm and its area was increased compared to other irradiated thin film, which reveals an increase in particle size and a number of particles. This result is in good agreement with the TEM results. As many clusters, atoms, and very small nanoparticles have combined to form new nanoparticles in the nanocomposite thin film, this led to enhancement in the LSPR absorption peak. The absorption in the region of 320 nm to 400 nm is due to the smaller nanoparticles, whose number decreases while increasing the ion fluences. This decrement is also in support of agglomeration of the smaller nanoparticles to form bigger ones due to the thermal energy provided by SHI ions. Simultaneously, the interparticle separation has been increased by ion irradiation, which resulted in lowering the interparticle coupling effect and broadening of LSPR, as well.
As small nanoparticles and clusters are available in this region, the counts of absorption in the region of 320 nm to 400 nm are due to the smaller nanoparticles whose number decreases with increasing the ion fluences. The absorption peak remains broad because of the formation of Ag nanoparticles with irregular shapes, which leads to non-homogenous polarization.
Annealing of Ag-TiO 2 thin films
As discussed above, the plasmonic behavior changes with structural and morphological properties of filler and matrix. These structural and morphological properties can be modified by thermal annealing also. Fig. 6b shows UV-Vis absorption spectra of annealed nanocomposite thin films. Sequential annealing up to 400°C has not caused any significant change in the plasmonic behavior of heavily doped Ag in the visible region. Low intensity peak has appeared at 500 nm and 650 nm for the annealing temperatures of 200°C and 400°C, respectively. Fig. 3 shows the XRD spectra of sequentially annealed nanocomposite thin films. The crystallinity of the TiO 2 host matrix varies insignificantly and in uncontrolled manner. The presence of mixed phase of rutile and brookite was observed after thermal annealing. Compared to the pristine thin films, annealed films showed higher crystallinity of matrix and also the agglomeration of Ag particles. The agglomeration increased with increasing annealing temperature, which caused the increase in the interparticle separation. As a result, the absorption of the thin films annealed at 200°C and 400°C was obtained in the visible region. After annealing at 600°C, the absorption decreased significantly and no LSPR was observed. This reduction in absorption intensity is due to sublimation and plasmonic bleaching of Ag nanoparticles in the matrix. This sublimation of nanoparticles has also been supported by XRD and XPS studies ( Fig. 10 ) of pristine and annealed thin films. After annealing at 600°C, the diffraction peak in XRD disappeared and in XPS, the intensity of Ag 3d peak was found to be reduced compared to the pristine thin film.
Both annealed and ion irradiated nanocomposite thin films were systematically investigated. Comparatively, ion irradiation shows more flexibility in the modification of heavily doped Ag-TiO 2 nanocomposite thin films. The electronic energy transferred by SHI ions is converted into thermal energy and enhances the nucleation and growth of metallic nanoparticles. This thermal energy is very low as compared to the energy given during thermal annealing, but it is confined to low volume, so it is sufficient to modify the plasmonic properties. By ion irradiation, the LSPR properties can be tuned easily rather than by annealing of Ag-TiO 2 nanocomposite thin film.
Conclusions
Heavily doped Ag-TiO 2 nanocomposite thin films were synthesized by RF co-sputtering. SHI irradiation caused remarkable changes in the morphological and plasmonic properties of the nanocomposite thin films. The average size of nanoparticles was increased and a minor red shift was observed with increasing the fluence. FDTD simulation was done for both pristine and irradiated thin film, which explains more clearly the existence of LSPR with the support from MAG theory. The growth of Ag nanoparticles and occurrence of redshift was discussed in detail and attributed to agglomeration due to massive electronic energy transferred by swift heavy ion irradiation. It can be concluded that for a higher concentration of Ag in TiO 2 , the SHI irradiation is more effective in modification of plasmonic properties of the nanocomposite thin films than the thermal annealing. The enhancement in LSPR in visible region by SHI irradiation is advantageous for photocatalytic activities and biomaterials.
